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by  G.R.  Pelletier  and  J.R.  Matthews 
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P.O.  Box  1012,  Dartmouth,  Nova  Scotia,  B2Y  3Z7 


ABSTRACT 


of  fractures  and  in  ways  which  .hey  cold  “  'he  ““ 

of  this  S‘udy  was  to  find,  test  and  evaluate  a  method  for  measuring  the 
ritical  strain  energy  density  with  tensile  specimens. 

nl^fcm  Sin*  afnaC!Uheirea^Stoin),  WaS  measured  for  gauge  lengths  of  1.25  mm  and 
1.125  cm  using  an  etched  grid.  Real  stress,  the  force  divided  by  the  reduced  area  Z 
also  measured  Comnlexitip*  in  _  *  icuucea  area,  was 

numerical  analysis  re”uWngfn  1^™°,“,*  were  dealt  with  by  bailed 
thp  h-oneiti  ^  ^  n  approximate  aveiage  real  stress  -  real  strain  curves  that  in 

transition  zone,  displayed  decreasing  strain  energy  density  with  temperature. 
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Fractures  in  ships,  buildings  and  bridges  have  always  been  a  serious  concern. 
Especially  in  the  areas  of  design  and  repair.  Because  of  this,  much  research  has  bee 
ongoing  In  the  causes  of  fractures  and  in  ways  which  they  could  be  predicted  and  u 

PreVentThis  report  will  concentrate  on  techniques  by  which  fractures  can  be  predicted  and 
thus  prevented^  The  objective  of  this  study  was  to  find,  test  and  evaluate  a  method 
measuring  the  critical  strain  energy  density  with  tensile  specimens. 

There  are  an  alarming  amount  of  failures  occurring  in  ships,  bridges  smd  buddings. 
These  failures  have  motivated  extensive  investigations  in  vanom  countnes.  t  vras 
observed  in  the  early  1940’s  that  fractures  were  occumng  more  frequently  at  lo 
temperatures  Many  fractures  occurred  suddenly,  without  warning,  at  low  no™1®1 
s3s  InvestigatLs  into  these  fractures  revealed  that  the  steels  experienced  states  of 

extreme  bnnlenesa  ^  there  existed  service  temperatures  where  the 

structures  were  susceptible  to  brittle  fractures  even  though  the  material  was  thought  to  be 
ductile.  Included  in  this  report  are  discussions  of  some  of  these  failures  and  the  result  o 

their  resP®™J'e  performed  to  obtain  data  so  that  the  strain  to  fracture  (plastic 

and  to  J) and  Z  critical  strain  energy  density  could  be  evaluated  in  the  transition  zone. 


The  background  section  discusses  the  various  investigations  that  occurred  as  a 
conseguel  of  certain  steel  failures.  Presented  herein  are  some  of  the ^conclusions  and 
recommendations  from  the  formal  inquiries  that  took  place  as  a  result  of  the  failures. 

One  of  fh""rfaUures  was  that  of  the  Bo  ston  molasses  tank  wWch 
failed  in  January  1919.  The  tank  contained  2,300,000  gallons  of  molasses  when  it  feileii 
Twdve  people  were  drowned,  40  were  injured  and  several  horses  were  drowned.  Houses 
lere  t-L/ed  and  a  portion  of  the  Boston  Elevated  Railway  structure  was  knocked  over. 

An  extensive  lawsuit  followed,  and  many  weU-known  engineers  ^d  scien.^™ 
called  to  testify  After  years  of  testimony,  the  court  appointed  auditor  handed  down  t 
decision  that  fhe  tanks  failed  by  over-stress.  When  the  auditor  was  " 
the  conflicting  technical  testimony,  he  was  quoted  as  saying  amid  this  swirl  of  polemical 
“watts. . .  [he,  a.  times  felt  that  the  oriy  rock  to  which  he  could .»* -hnguras 
the  obvious  fact  that  at  least  one  half  of  the  scientists  must  be  wrong  m  His 
summarized  the  state  of  knowledge  among  engineers  regarding  brittle  fractures.  At  times, 

it  seems  that  the  statement  is  still  true  today. 

2.2  Liberty  Class  &  T-2  Tankers  1Q..  , 

Over  twenty-five  hundred  Liberty  Class  Ships  were  produced  between  1941  and 
1945  for  the  Second  World  War  [2],  The  mass  produced  Liberty  Ships  were  the  firs  ^all- 
welded  ships.  These  cargo  ships  were  designed  for  a  service  life  of  five  years,  and  took 


ri„8^e^ 

Design  errors  and  inferior  workmanship  were  shown  to  be  factors  h? these  failurl^ 

a£;S“=SSSr“‘ *• s ' 

^SSSSa 

Square  lSJ££”hT  '*  “ T  -Seated  a,  the  coZ  of 

preventing  catastrophic  Zto^ZZcct^ng  tut  thlZ^TinddenS  T*  arreSterS> 
factored  in,  was  no  better.  S’  me  overaU  lncidence  when  size  was 

CompZ^tZ^ctedtt^rwith  buiU by  ‘he 

early  1  xh3;  szthtz Fisure  2  is  a  dock  in 

Skzz°i?na“‘“ 
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Liberty  Ship  Charpy  Transition  Curves 


Temperature  (C) 


Figure  lb.  Liberty  Ship  Charpy  V-Notch  Transition  Curves 


Figure  2.  SS  Schenectady. 


The  investigation  into  the  failure  found  that  there  was  a  lack  of  uniformity  m  the 
nualitv  rf  L“3"hull.  Low  impact  values  at  room  temperature  were  obtained 

Complete  brittleness  occurred  a, -6«C  There  were  no  spec^cattons 

in  nlace  at  this  time  which  required  impact  tests  on  the  stee .  ,  ,  rq-j 

P  In  1943  the  Admiralty  Ship  Welding  Committee  was  formed  in  Engla  [  ]■ 
commits  crime  dbe“ve  was  to  investigate  and  find  solutions  to  the  Mure  problems 
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experiments.  The  objective  of  these  experiments  was  to  measure  stresses  and  deflections 
in  critical  locations  in  both  riveted  and  welded  construction.  Several  features  emerged 
from  these  experiments: 

•  Notches  and  sharp  changes  in  sections  should  be  avoided; 

•  There  was  a  tendency  for  fractures  to  occur  more  frequently  when  the  ship 
operated  at  low  temperatures; 

•  Fractures  in  welded  ships  were  occurring  suddenly,  they  were  sharp  and 
accompanied  by  very  little  deformation  or  reduction  in  thickness  at  the 
fractured  edges; 

•  Few  fractures  followed  the  weld.  When  the  fracture  started  at  a  faulty  weld,  it 
proceeded  into  virgin  plate; 

•  Most  serious  fractures  in  welded  ships  have  been  brittle.  Notched  tensile  test 
samples  taken  from  the  vicinity  of  fractures  have  displayed  the  property  of 
notch  brittleness  at  temperatures  within  service  range;  and 

•  An  increase  in  plate  thickness  tends  to  increase  the  possibility  of  a  brittle  type 
fracture. 

It  was  concluded  by  the  Committee  that  a  remedy  to  the  welded  ship  fracture 
problem  was  to  eliminate  the  use  of  notch  brittle  steel  in  ship  construction. 

In  1946  the  Secretary  of  the  U.S.  Navy  assembled  a  Board  of  Inquiry  into  welded 
ship  failures.  Several  relevant  features  emerged  from  this  inquiry,  they  are  as  follows: 

•  All  fractures  investigated  started  at  a  discontinuity  involving  design  or 
workmanship; 

•  Statistically,  the  age  of  the  ship  had  no  appreciable  influence  ; 

•  Steel  from  the  fractured  plates  complied  with  the  test  requirements  for  ship 
steel  (tensile  strength); 

•  Fractures  occurred  more  frequently  at  low  temperatures; 

•  Killed  steel  is  less  susceptible  to  failure  than  semi-killed  steel;  and 

•  Metallurgical  variables,  such  as  grain  size,  deoxidization  and  plate  thickness  are 
important. 

Sadly,  the  Admiralty  Committee  and  the  US  Navy  Inquiry,  failed  to  appreciate 
the  significance  of  their  observations.  This  was  perhaps  due  to  the  non-conservative 
nature  of  the  Charpy  test  (structural  transition  is  much  worse  than  Charpy  transition). 


3.0  Fracture  Control  Theory 

Material  testing  involves  methods  for  systematic  measuring  and  evaluation  of  the 
mechanical  properties  of  materials.  The  properties  measured  in  this  report  include 
strength  and  toughness. 

The  strength  properties  are  related  to  the  ability  of  a  material  to  resist  applied 
forces.  Toughness  measurements  are  related  to  the  ability  of  a  material  to  carry  a  load  in 
the  presence  of  a  defect  [10].  The  toughness  exhibited  by  steel  is  a  weak  function  of  the 

rate  of  loading  and  a  strong  function  of  temperature. 

Steel  structures  that  operate  safely  in  warmer  climates  can  suddenly  fail  in  a  brittle 
manner  under  colder  conditions.  This  type  of  failure  has  been  termed  brittle  fracture  .  It 
was  slowly  recognized  in  the  late  1940’s  that  there  existed  service  temperatures  where  the 
structure  experienced  brittle  fracture  even  though  the  material  was  thought  to  be  ductile. 
The  antonym  of  a  brittle  fracture  is  a  ductile  fracture.  Ductile  fractures  are  characterized 
by  their  plastic  deformation  when  a  load  is  applied.  The  surface  of  a  fractured  ductile 
material  has  a  fibrous  texture  with  silky,  dull-grey  appearance,  while  the  surface  of  a 
fractured  brittle  material  has  a  bright  granular  appearance.  The  likelihood  of  a  brittle 
fracture  occurring  increases  as  the  temperature  decreases.  Thicker  and  wider  sections  and 
the  presence  of  defects  also  reduce  the  capacity  for  plastic  deformation  to  occur  before 
fracture. 

Brittle  fractures  have  been,  and  still  are  one  of  the  leading  sources  of  steel 
casualties.  Because  of  this,  much  time  and  effort  has  gone  into  the  research  of  brittle 
fracture.  Three  conditions  must  be  present  for  a  brittle  fracture  to  occur:  i)  stresses  must 
be  present;  ii)  there  must  be  a  crack  forming  flaw;  and  iii)  structural  transition  must  be 
lower  shelf.  The  stresses  may  be  present  in  the  form  of  applied  stresses,  an  example  being 
wave  action  on  a  ship,  or  as  residential  stresses.  Residential  stresses  are  stresses  that  can 
not  be  measured  non-destructively  with  the  aid  of  strain  gauges,  these  include  hydrostatic 
stresses,  welding  residual  stresses,  fabrication  restraint  stresses,  and  thermal  stresses.  The 
crack  forming  flaw  may  be  in  the  form  of  a  welding  defect  such  as  lack  of  fusion,  slag, 
porosity,  fatigue  cracking  from  applied  cyclic  strain,  and  geometric  discontinuities. 

Transition  curves  can  be  constructed  from  data  obtained  from  Charpy  V-Notch 
Impact  (Cv)  and  Dynamic  Tear  (DT)  tests.  The  most  effective  way  of  predicting 
structural  performance  of  a  given  material  is  through  dynamic  tear  testing.  The  results 
obtained  with  DT  specimens  are  much  more  meaningful  than  those  obtained  with  the 
Charpy  specimen.  Past  tests  have  shown  that  transition  behaviour  for  a  Charpy  size 
specimen  can  be  approximately  50°C  to  100°C  below  the  larger  DT  specimens  [11]. 
Figure  3  is  a  schematic  representation  of  the  Charpy  V-notch,  the  dynamic  tear,  and  the 
estimated  structural  transition  curves.  In  designing  against  brittle  fractures  it  is  of  extreme 
importance  that  the  minimum  service  temperature  of  the  structure’s  steel  must  coincide 
with  the  upper  shelf  of  the  structural  transition  curve.  It  is  therefore  necessary  to 
determine  the  structural  transition  of  the  steel  and  to  design  within  the  minimum  service 
temperature  of  the  surroundings  and  selected  materials.  From  the  structural  transition 
curve  it  is  possible  to  determine  if  the  structure  will  exhibit  ductile  behaviour  under  all 
service  conditions.  Structures  are  subjected  to  a  wide  range  of  loading  conditions  and 
service  temperatures.  Service  loading  conditions  can  be  significantly  different  for 
structures  that  are  placed  on  land  as  compared  to  those  that  are  located  in  water. 
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”  leaWa‘er  haVe  a  minimum  service  ^Perature  of  approximately  - 

“  C’  *Me  strures  at  are  exposed  to  the  “r  “d  "™d  may  be  subjected  to  service 
temperatures  as  low  as  -50°C  [6],  J  service 

t„t  la  ,Th+?  Charpy  V-Notch  imPact  test  has  limitations.  The  small  specimen  used  in  the 
tes  lacks  the  constraint  and  the  degree  of  triaxiality  that  exists  in  a  larger  stmcture  The 

„tn*7y  ,SJ?ecimen  15 10°  sma11  in  size-  Because  of  this  small  size  it  does  not  mimic  the 

beha^our8  G  re^ments  can  not  guarantee  ductile 

that  ^  n  E'  D  [12]  med  that  the  chief  deficiency  of  the  Charpy  impact  test  is 
that  the  small  specimen  is  not  always  a  realistic  model  of  the  actual  structure  At  a 

particular  service  temperature  the  standard  Charpy  specimen  shows  high  shelf  ^erev 
while  the  actual  structure  exhibits  low  toughness  at  the  same  temperatures. 


“7’8y  ‘"frmat”nf°r  characterizing  the  toughness  of  carbon  and  lowalloy  steels  ad 
then  weldments  [13],  Because  the  shear  lip  data  is  always  available  for  re-e>SSnado„ 

behaS~s  0anbdweltoen.lPrefe,Ted  me,h°d  the  “» 

degree  rtf  f0ImU‘a  Vaiy  dependinS  «n  ‘he  constraint  and  the 

nltfsdn  ft  P  !y  11  There  e!as,s  different  analysis  for  linear  elastic  fractures  elastic 
plastic  fractures,  transition  fractures,  and  fully  plastic  fractures 

die  analysis  of  one  level  is  applied  to  .ha, 

staying  wtthm  the  bounds  of  the  analysis  listed  in  Table  1  and  illustrated*  in  Figure  4^ 

ZVr’rZZT^0^  Cft  TCth0d  of  f0‘  the  transition  zote  shown  in 

figure  4.  The  pnmary  objective  of  this  research  report  is  to  attempt  to  measure  stratam 

de,"™?  f  rCal  ^  e"ergy  densi,y  with  <«  of  tensile  specimem  an“ 
determine  if  these  properties  are  relevant  in  transition. 
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Plane  stress  linear  elastic 

a,  b  >  50ry 

a,  b  >  50/2ti  (Kc/cy)2 

elastic-plastic 

a,  b.  B  >  50J/oy 

between  elastic-plastic  &  fully  plastic 

F.for  (dW/dV)r 
_ _ — - ^ 2 - 

fully  plastic 

k  -  CTy/2 

S"  density;  s  is  the  shear  Up  width;  and  ay  is  the  yteld  strength  [10). 


4.0  Stress  Strain  Curve:  Theory  and  Practice  stress-strain  curves.  The 

Data  obtained  through  tensile  testing  can  be  used  p  divided 

engineering  stress-strain  curve  is  divided by  the  original 

by  the  original  cross-sectional  area  an  R  5  iuustrates  an  engineering 

S2'™*  ettic  regime  represents  the  area  where  a  —  wUl  recover  its 

origina!  shape  when  a  deforming  load  is  — 1, Tfrs  Mtial 
relationship  where  Hooke  s  law  applies.  jA+maten^r1^.  f  •  •  d  stress  above  which 
form  when  the  load  is  released.  The  yie  s ^ess^  ^  ^  region  ^  not  ail0w  the  material 

"ShiaKZ”  The  pit  irked  “fracture”  gives  the  fracture  stress  (fracture 
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load  divided  by  the  original  cross-section).  This  is  one  of  the  real  short  comings  of  the 

sSTantf  StreSS  Stram  CUFVe  (forCe  dlVided  by  thC  Cr°SS  SeCti°n  at  fracture  is  more 

Strain  a!  ,fracture  is  represented  by  equation  1 .  The  equation  takes  into 
account  the  original  length  and  the  length  at  fracture. 

Sf  =  kffU  (i) 

Li 

,,  ,  ,,The  St,rain  necessary to  deform  the  specimen  from  maximum  load  to  fracture  is 
a  led  the  necking  strain,  as  necking  usually  begins  at  maximum  load  for  most  metals.  The 


Plastic 

Regime 


Fracture 


r  Elastic 
Regime 


Figure  5.  Typical  Engineering  Stress-Strain  Diagram.  (In  this  schematic 
the  fracture  stress  is  load  divided  by  original  cross-sectional  area) 

location  of  the  maximum  load  on  a  stress-strain  diagram  is  shown  in  Figure  6  After 
mmamum  load  the  specimen  experiences  an  increase  in  stress.  This  increase  is  the  result 
of  a  decrease  m  the  cross  sectional  area  of  the  specimen  due  to  necking  Materials  that 

SZTSS  ."fT  befOTe  frTre  d0  n0t  have  a  strai"  ^stribution  along 

mill  S  f  h  S  f  sPec,men-  The  exa<*  distribution  of  strain  is  a  function  of  the 
"  gaUg®  lenf 1 h>  and  the  cross-sectional  area  of  the  specimen.  Figure  8a  illustrates 
that  the  area  under  the  stress-strain  curve  will  be  lower  for  a  less  ductile  material  than  a 
ghly  ductile  material  The  same  is  true  of  a  material  with  less  strain  hardening  it  will 
have  a  smaller  area  under  the  curve  than  a  highly  strain  hardened  material.  The’ moTe 
strain  hardened  a  material,  the  greater  the  amount  of  deformation  away  from  the  necking 

th  J°n  t  k  S  OIter  t  j  gaUge  Ien^  greater  the  percentage  elongation  Specimens 
hat  are  to  be  compared  must  be  geometrically  similar.  Therefore,  the  ratio  of  gage  length 

with  of  4C°ThSt< r1  ‘  ThC  Am^  COnvention  is  t0  have  a  tensile  specimen 

standard  cdls  for  frL  ofS^  ^  **  *  “  °f  10’  wW,e  the  British 

lenmb  Sa  frCreaSm8, thC  thickness  of  a  specimen,  while  maintaining  a  constant  gauge 
gt  ,  the  fracture  elongation  will  increase  until  the  length  divided  by  the  diameter 
reaches  unity.  Once  unity  has  been  obtained,  the  fracture  elongation  will  decrea  e  as  the 
specimen  thickness  increases.  This  can  be  seen  in  Figure  8b.  fhis  dafoi las  obtained  from 
research  preformed  by  the  Umted  States  Naval  Research  Laboratory  (NRL)  in 
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Washington  DC  [14]  NRL  investigated  the  possibility  of  using  tensile  specimen  size  and 
ZoS Sects  £  accurately  and  uniquely  assess  the  uniaxial  continuum  stress-  s«a.n 
furve  Reduction  of  tensile  specimen  load-displacement  data  to  uniaxial  continuum 
stress  strain  data  valid  at  large  deformation  is  thought  not  to  be  possible  for  contmuu 
material  specimens  which  exhibit  necking  [14],  Valid  uniaxial  contmuum  stt^Mtrain 

is  required  for  accurate  finite  element  analysis,  deformation  ® 

abdication  The  necking  phenomenon  in  specimens  has  been  a  difficult  barrier  to 
overcome^  that  accurate  characteristics  of  a  ^ven  material  can  be  found.  Focusing  on 
real  stress  -  real  strain  may  be  the  answer. 


Figure  7.  Real  Stress  -  Real  Strain  Diagram. 


The  area  under  the  stress-strain  curve  at  fracture  represents  the  critical  strain 
energy  density  (dW/dVW  This  area  is  an  indication  of  the  amount of work :  per u 
volume  which  can  be  done  without  failure  occumng.  The  area  under  the  stress ^ 
curve  can  also  be  referred  to  as  the  toughness  of  a  material  The  fonn  of  the  stress  st 
curves  (engineering  stress-strain  versus  real  stress  -  real  strain)  is  critical  to  succeed  m 


determining  (dW/ dV)Critical- 
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0l234567 

Strain  (rmrimO 

Figure  8b.  Effects  of  Length/Diameter  on  Stress-Strain  Diagram, 
5.0  Material  &  Method 


5.1  Materials 

Structural  quality  steel  plates  used  for  general  engineering  purposes  must  comply 
with  the  requirements  set  forth  by  CSA  Standard  CAN3-G40.20-M,  General 
Requirements  for  Rolled  or  Welded  Structural  Quality  Steel.  This  Standard  specifies 
specific  requirements  for  analysis,  number  of  tests,  test  preparation,  methods  of  tests 
permissible  variations  in  dimensions  and  mass,  repair,  marking,  inspection,  re-tests 
rejections,  reports,  packaging  and  loading. 

The  steel  used  in  this  research  report  was  3  50WT.  The  plate  was  a  Fleet 
Maintenance  facility  (FMF)  stores  item.  This  item  was  stocked  following  the  construction 
of  the  Canadian  Patrol  Frigates.  The  Stelco  Steel  Plant  in  Canada  certified  that  the 
Canadian  plate  was  made  of  Can/CSA-G40.21-M92  GRD  350  WT  Category  5  steel. 

The  WT  indicates  that  the  steel  is  weldable  and  has  a  toughness  requirement  Steels  of 
this  type  are  required  to  meet  specific  strength  and  Charpy  V-Notch  impact  requirements 

and  are  suitable  for  welded  construction  where  notch  toughness  at  low  temperature  is  a 
design  requirement. 

Outlined  in  Table  3  are  the  chemical  compositions  set  forth  by  the  Standard. 
According  to  the  Standard,  materials  that  differ  from  the  requirements  of  Table  3  (except 
or  carbon,  manganese,  phosphorus,  and  sulphur  contents)  may  be  considered  as  meeting 
the  requirements  of  the  Standard,  provided  that  all  of  the  specified  mechanical  propertied 
have  been  obtained.  Included  in  the  table  are  two  independent  analyzes  which  were  done 
on  portable  analytical  instruments. 
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t«hi»  rwmiral  Composition 

of  350WT  Steel. 

J.UMSV 

C 

- - i — 

Mn1 

P 

S 

Si 

Cr 

Ni 

Cu 

1  Standard 

0.22  max. 

0.80-1.50 

0.03  max. 

0.04  max. 

0.15-0.40 

0.054 

1.17 

0.018 

0.012 

0.210 

0.029 

<0.005 
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na 
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Spectro  Port 
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Al 
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1.  The  manganese  content  may  be  increased  provided  the  sum  of  the  carbon  content  plus  1/6  of 

the  manganese  content  does  not  exceed  0.40%  for  Grade  350WT.  .  . 

\  Aluminum  may  be  used  as  a  grain  refining  element,  however  it  shall  not  be  included  in  the 

summation  of  grain  refining  elements.  The  elements  columbium  and  vanadium  may  be  used  singly  o 
combmadon^upto Q  _0  02o/o  may  be  used  if  the  nitrogen  content  does  not  exceed  V*  of 
the  vanadium  content. 
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Ti 
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<0.0009 
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98.2 
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5.1.1  Tensile  Specimens  ,  _  „ 

Twelve  tensile  specimens  were  machined  from  the  350WT  plate.  The  sPecin*e 
dimensions  are  shown  in  Figure  9.  The  specimens  were  machined  m  accordance  to  AST 
Standard  E8.  Six  specimens  were  cut  with  a  width  (W)  of  V*  inch,  and  six  specimens  w 
cut  with  a  width  of  V4  inch.  The  specimens  were  cut  m  the  L-T  direction  (length  parallel 
to  rolling  direction).  The  specimens  were  marked  with  an  electro-etch  grid  of  1 .25  mm. 


W=1M" 

W=l/2“ 

L 

6 

8 

t 

1/4 

1/2 

B 

2 

2 

C 

3/4 

3/4 

R 

1/4 

1/2 

6 

1 

2 

L  =  Overall  length 
t  =  Thickness 
B  =  Length  of  grip  section 
C  =  Width  of  grip  section 
R  =  Radius  of  fillet 
B  =  Sage  length 

All  dimensions  in  Inches 

_ 


Figure  9.  Schematic  of  Tensile  Specimen. 
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6.0  Testing 

Tension  tests  were  performed  on  an  Instron  interfaced  with  “daqware”  software 
Figures  10a  &  b  are  photographs  of  the  apparatus.  The  specimens  were  fractured  inside 
an  enclosed  compartment  so  that  the  temperature  could  be  controlled.  The  specimens 
were  cooled  with  C02  gas.  Specimens  with  two  different  gauge  lengths  (1  &  2  inch)  were 
tested  at  five  different  temperatures  (-40  to  10°C).  Three  different  parameters  were 
recorded  during  testing:  strain,  stroke,  and  load.  The  computer  was  set  for  analog  input 
at  a  maximum  (100%)  of  10  volts.  This  related  10  volts  to  22000  lb.  load  2-inch  stroke 
/2-mch  stram.  The  strain  was  recorded  with  the  use  of  an  extensometer  gauge.  One  ’ 

hundred  data  points  were  recorded  per  second.  Conversion  of  the  data  was  necessary 
trom  volts  to  pounds  and  inches. 


Figure  10b.  Grips  with 
Specimen  &  Extensometer. 


7.0  Results 

Two  sets  of  data  were  generated.  The  first  set  was  the  extensometer  and  applied 
load  readings  while  the  second  set  was  the  grid  spacing  measurements.  Shown  in 
Figure  11  is  the  stress-strain  curve  for  the  2  inch  gauge  length  specimens. 

,  .  ,  gUrteS  12a  &b  rePresent  the  grid  extension  after  testing  (plastic  strain)  versus  the 

fracture  location  on  the  specimen.  Position  5  is  where  the  specimens  fractured.  From 

ese  graphs,  it  appears  that  there  was  no  direct  relationship  with  temperature  However 
it  became  apparent  that  the  magnitudes  of  the  curves  were  influenced  by  the  position 
where  failure  occurred  with  respect  to  the  grid  line.  The  unsymmetrical  points  of  each 
curve  provided  this  clue.  What  is  meant  by  unsymmetrical,  is  that  the  relative  points  on  the 
opposite  sides  of  the  individual  curves  experienced  different  strains.  For  example 
specimen  5a  from  Figure  12a,  had  a  distance  of  0.275  mm  from  the  first  grid-line’to  the 
fracture  on  the  left  side  of  the  fractured  specimen.  The  right  side  of  the  fractured 

Jn6™en  bad  a  dlstance  °f  °- 125  from  the  first  grid-line  to  the  fracture.  The  red  line 
on  Figure  12a  indicates  this  difference. 


2*'  Gauge  Length  Specimen 


Figure  13  illustrates  the  distance  from  the  fracture  to  the  closest  grid-line  The 
thick  vertical  line  represents  the  location  of  the  fracture.  The  1"  specimens  are  identified 
by  the  a  suffix,  while  the  2"  specimens  are  identified  by  the  b  suffix.  The  rectangle 
represents  the  distance  from  the  fracture  to  the  grid-line.  The  best  result  occurred  with 
specimen  6a,  the  distance  to  the  nearest  grid-line,  from  the  fractured  end,  on  both  pieces 
were  very  close  m  length.  For  example,  on  side  A  the  grid-line  was  found  to  be  0.25  mm 

from  the  fracture,  while  on  side  B  the  grid-line  was  found  to  be  0. 1 75  mm  from  the 
fracture. 

,  „  SPec*me^  5a  and  2b  also  had  lengths  that  were  fairly  similar  in  their  distances  from 

the  fractured  end  to  the  nearest  grid-line.  Specimen  6b  fractured  on  the  grid-line  it  was 
the  only  specimen  to  do  so. 


2a 

5a 

6a 

2b 

6b 


-Side  A 


Side  B  ■ 


0  4  0.3  0.2  0.1  Fracture 


0.1  0.2 


Figure  13.  Fracture  Locations,  (a  identifies  1”  &  b  identifies  2”  specimens) 
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The  five  closest  grids  on  both  sides  of  the  fractured  specimens  were  measured  and 
the  percent  strain  calculated.  Figure  14a  displays  the  stress  versus  percent  strain  for  the 
tested  specimens.  The  areas  under  these  curves  are  the  critical  strain  energy  density  tor 
the  tested  specimens.  It  is  difficult  to  obtain  relevant  information  from  these  curves. 
However,  averaging  the  stress  and  the  percent  strain  for  the  1  and  2  inch  specimens  at 
each  temperature  results  in  the  graph  shown  Figure  14b.  It  is  apparent  from  this  grap 
that  there  is  a  direct  relationship  with  temperature.  The  area  under  the  curve  for  the 
specimen  tested  at  -40°C  was  approximately  53000,  the  area  under  the  curve  for  the 
specimens  tested  at  -20°C  was  approximately  61000,  and  the  area  under  the  curve  for  t  e 
specimens  tested  at  10°C  was  approximately  64000.  As  the  temperature  increased  so  did 
the  area  under  the  curves. 

Real  Stress-  Real  Strain  Curves  for  1.125  cm  Gauge  Length 


Figure  14a.  Real  Stress  -  Real  Strain  Curves  for  1.125  cm  Gauge  Lengths. 
Real  Stress-  Real  Strain  Curs  es  for  1.125  cm  Gauge  Length 


Figure  14b.  Averaged  Real  Stress  -  Real  Strain  Curves  for  1.125  cm  Gauge 
Lengths. 
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8.0  Conclusions 

In  this  study  the  focus  was  on  critical  strain  energy  density  and  strain  to  fracture 
for  the  transition  zone.  In  the  transition  zone,  a  direct  relationship  between  the  critical 
strain  energy  density  and  the  plastic  strain  over  1.125  cm,  was  found  with  temperature. 


9.0  Recommendations 

The  real  stress  -  real  strain  test  procedure  must  be  improved  to  acquire  real  stress 
and  real  strain  of  at  least  10  points  along  the  curve. 

The  grid  should  be  etched  onto  all  four  sides  of  the  specimens.  To  increase 
accuracy  in  determining  fracture  strain,  the  grid  on  one  face  of  the  specimen  should  have 
an  offset  to  the  adjacent  face. 

Techniques  to  accurately  acquire  strain  to  fracture  over  smaller  and  smaller  gauge 
lengths,  need  to  be  developed.  Ideally,  it  may  be  necessary  to  match  the  specimen  gauge 
length  with  finite  element  mesh  size. 
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